Galactose metabolism in Lactobacillus casei 64H was analyzed by genetic and biochemical methods. Mutants with defects in ptsH, galK, or the tagatose 6-phosphate pathway were isolated either by positive selection using 2-deoxyglucose or 2-deoxygalactose or by an enrichment procedure with streptozotocin. ptsH mutations abolish growth on lactose, cellobiose, N-acetylglucosamine, mannose, fructose, mannitol, glucitol, and ribitol, while growth on galactose continues at a reduced rate. Growth on galactose is also reduced, but not abolished, in galK mutants. A mutation in galK in combination with a mutation in the tagatose 6-phosphate pathway results in sensitivity to galactose and lactose, while a galK mutation in combination with a mutation in ptsH completely abolishes galactose metabolism. Transport assays, in vitro phosphorylation assays, and thin-layer chromatography of intermediates of galactose metabolism also indicate the functioning of a permease/Leloir pathway and a phosphoenolpyruvate-dependent phosphotransferase system (PTS)/tagatose 6-phosphate pathway. The galactose-PTS is induced by growth on either galactose or lactose, but the induction kinetics for the two substrates are different.
Many procaryotes can utilize D-galactose as a carbon source. Often there are several different uptake systems for D-galactose within a cell; e.g., for Escherichia coli, seven systems that belong to different types of transport systems have been described. All release unmodified galactose into the cytoplasm (13, 26) ; the galactose is subsequently metabolized by the Leloir pathway. Operons coding for the enzymes of the Leloir pathway in different organisms, including Lactobacillus casei 64H (3), have been characterized.
Two different galactose phosphates can be detected if L. casei 64H accumulates galactose intracellularly: galactose 1-phosphate, the first intermediate of the Leloir pathway, and galactose 6-phosphate (7) . Galactose 6-phosphate was first identified as the hydrolysis product of lactose in Staphylococcus aureus. Lactose is transported and phosphorylated in this organism by the lactose-phosphoenolpyruvate-dependent phosphotransferase system (PTS) to lactose 6-phosphate and is subsequently cleaved by a phospho-␤-galactosidase to glucose and galactose 6-phosphate (15) (16) (17) (18) . Further metabolism of galactose 6-phosphate was found to involve as intermediates tagatose 6-phosphate, tagatose 1,6-biphosphate, glyceraldehyde 3-phosphate, and dihydroxyacetone phosphate, whose interconversion is facilitated by the enzymes galactose 6-phosphate isomerase, tagatose 6-phosphate kinase, and tagatose 1,6-bisphosphate aldolase (4) . The absence of the enzymes of the Leloir pathway and the inducibility of the enzymes of this tagatose 6-phosphate pathway by galactose as well as lactose led to the hypothesis that galactose is also a PTS substrate in S. aureus. The PTS-derived galactose 6-phosphate would then also be metabolized by the tagatose 6-phosphate pathway. While this pathway seems to be the only route for galactose metabolism in S. aureus, it was found that group N streptococci express the enzymes for both pathways of galactose metabolism (5) . The genes coding for the enzymes of the tagatose 6-phosphate pathway have been found to be part of the lac operon together with the genes coding for the lactose-PTS and the phospho-␤-galactosidase in Lactococcus lactis, S. aureus, and Streptococcus mutans (27, 28, 34) . The exception is L. casei, in which the genes encoding the enzymes of the tagatose 6-phosphate pathway are not part of the lac operon (1, 2, 12) . Similar to the uptake of lactose, it has been suggested that in L. casei 64H, galactose is taken up by a specific galactose-PTS, which results in the formation of galactose 6-phosphate. This hypothesis is supported by phosphorylation studies using cell extracts (7) . The experiments of Chassy and Thompson indicated the existence of a high-affinity uptake system for galactose in L. casei 64H. Its K m (15 M) lies within the range of the K m s of other PTSs characterized so far but exceeds by far the value determined for the galactose-PTS of Streptococcus lactis (1 mM) (32) .
The Leloir pathway of L. casei 64H has recently be characterized by cloning of the corresponding genes and determination of enzyme activities (3). Although there are many hints for the existence of a PTS specific for the uptake of galactose in L. casei 64H, the existence of such a system is not yet proven. The aim of our work was therefore to further investigate the uptake and metabolism of galactose in L. casei 64H and to provide new evidence for the galactose-PTS. In contrast to previous efforts, we chose to achieve this by isolating and analyzing ptsH and gal mutants.
MATERIALS AND METHODS
Strains and media. L. casei subsp. casei 64H (10) was used for analysis of galactose metabolism. Cultures were grown in Lactobacillus carrying medium (LCM) (9) supplemented with 0.5% of carbohydrate. Cells were plated on LCM solidified with 1.4% (wt/vol) agar. Some growth experiments were done in carbohydrate test medium (CTM), a derivative of LCM (3a); this medium contained 0.5 g of Trypticase peptone, 0.25 g of yeast extract, 0.15 g of tryptone, 3 g of sodium dihydrogen phosphate, 3 g of disodium hydrogen phosphate, 2 g of ammonium citrate, 1 g of sodium acetate, and 0.2 g of L-cysteine in 900 ml of H 2 O. After autoclaving, 100 ml of a solution containing 10% (wt/vol) sodium dihydrogen phosphate and 10% (wt/vol) disodium hydrogen phosphate as well as 5 ml of a salt solution containing 11.5 g of MgSO 4 ⅐ 6H 2 O, 0.68 g of Fe(II)SO 4 ⅐ 7H 2 O, and 2.4 g of Mn(II)SO 4 ⅐ 1H 2 O in 100 ml of H 2 O were added to the cold medium. The medium was stored in the dark at 4°C. Cells for transport assays or mutagenesis procedures were washed with the minimal medium (MM) as described by Tanaka et al. (31) .
Growth tests and mutant selections. Marker tests were performed in CTM supplemented with 0.5% carbohydrate to be tested. Five milliliters of prewarmed medium was inoculated with 10 l of an overnight culture in LCM without additional carbohydrate. The cultures were incubated at 37°C for 2 days, and growth was determined by measuring the optical density at 420 nm (OD 420 ).
To determine doubling times, cells from an overnight culture in LCM without additional carbohydrate were diluted to an OD 420 of 0.1 in prewarmed CTM supplemented with the carbohydrate to be tested. The cultures were incubated at 37°C, and growth was monitored by measurement of OD 420 (OD 420 of 1 Х 5 ϫ 10 8 cells per ml in a Shimadzu model UV-1202 spectrophotometer [Shimadzu Europe, Duisburg, Germany]).
To determine sensitivities, cell growth was measured in LCM supplemented with 0.5% mannitol at 37°C. After the cells had reached exponential growth, galactose or lactose was added to 0.5%. Growth was monitored by measurement of OD 600 (OD 600 of 1 Х 10 9 cells per ml in the Shimadzu UV-1202). Spontaneous mutants resistant to 2-deoxyglucose (2DGlc) were isolated by plating 10 9 cells from an overnight culture in LCM on LCM agar plates supplemented with 0.5% ribose and 10 mM 2DGlc. After incubation for 2 to 4 days at 37°C, resistant colonies were obtained and purified twice on the same medium and once on LCM with 0.5% ribose.
Selection with 2-deoxygalactose was performed as described by Thompson and Chassy (33) . One-tenth milliliter of cells from a mid-log culture in LCM with 0.5% lactose was mixed with 3 ml of LCM soft agar (0.6% [wt/vol])-0.5% lactose and poured over the surface of an LCM plate supplemented with 0.5% lactose. When the top agar was solidified, a plug was removed from the center of the plate and 0.5 to 1 ml of 10 mM 2-deoxygalactose was added to the well. The plates were incubated at 37°C.
EMS mutagenesis and streptozotocin selection. Mutagenesis with ethyl methanesulfonate (EMS) was carried out by a variation of the protocol of Lin et al. (24) . Cells from an overnight culture in LCM were diluted to 5 ϫ 10 7 cells per ml in LCM supplemented with 0.5% glucose and incubated at 37°C. After the culture reached a density of 5 ϫ 10 8 cells per ml, 5 ml of cells was harvested by centrifugation, washed twice with MM, and resuspended in 2.5 ml of MM. EMS (7.5 l per ml of cell suspension) was added, and the culture was incubated at 37°C for 2 h. The cells were then washed twice with MM, resuspended in LCM, and grown overnight.
Selection with streptozotocin was done according to the method of Lengeler (22) by a protocol optimized for lactobacilli. This selection procedure is based on the principle that only energized cells are able to take up the toxic N-acetylglucosamine analogue streptozotocin. EMS-mutagenized cells from an overnight culture of L. casei PG4 in LCM supplemented with 0.5% N-acetylglucosamine were diluted into fresh medium to 8 ϫ 10 7 cells per ml. After the culture reached early exponential growth, 5 ml was washed twice in MM and resuspended in 5 ml of LCM supplemented with 0.5% galactose. After cells had again reached early exponential growth at 37°C, streptozotocin was added to 50 g per ml and the culture was incubated at 37°C for a further 90 min. Cells mutated in galactose uptake or metabolism are not energized because of lack of carbohydrate; therefore, they are not able to take up streptozotocin and will survive. In contrast, wild-type cells able to grow with galactose take up streptozotocin and are killed. After incubation, the cells were washed in MM, sonicated to break up the cell chains, and plated on LCM supplemented with 0.5% galactose. The plates were incubated at 37°C.
Test for membrane-dependent in vitro phosphorylation of carbohydrates. To measure membrane-dependent phosphorylation of galactose or lactose, tests for PTS-dependent in vitro phosphorylation were performed as described by Lengeler (23) . Membranes or membrane-free cell extracts (supernatants) from cells of L. casei 64H or the mutant strains were used. Mixes containing 20 l of 50 mM phosphoenolpyruvate, 20 l of 0.5 mM MgCl 2 , 90 l of membrane-free cell extract, 10 l of membranes, and 0.1 M Tris-HCl (pH 7.6) to a final volume of 180 l were equilibrated at 28°C for 5 min. The reaction was started by adding [ 14 C]galactose to 7.5 M or [
14 C]lactose to 15 M. After 30, 60, and 90 s, aliquots of 50 l were removed and spotted on anion-exchange filters (Whatman DE81), and the reaction was stopped in ethanol (80%). The filters were washed three times in water and dried, and the amount of radioactivity on each filter was determined.
Test for galactokinase-dependent phosphorylation of galactose. For measuring enzyme activities, extracts were prepared from L. casei 64H which had been induced with 0.5% galactose for 3 h. Cells were harvested in mid-logarithmic phase and broken by shaking with zirconia beads in a Retsch mill MM2 (Retsch, Haan, Germany). Extracts were centrifuged at 15,000 ϫ g for 5 min. Protein concentrations were determined by the bicinchoninic acid method of Smith et al. (30) .
Galactokinase activity was determined according to the method of Sherman (29) and a protocol described by Lengeler et al. (20) . Probes were taken at 30, 60, and 90 s after the start of the reaction.
Tests for uptake of galactose in L. casei 64H. Uptake of carbohydrates in cells of L. casei 64H and derivatives was determined by the method of Lengeler (21) as follows. Cells from a culture in LCM were diluted in LCM to 5 ϫ 10 7 cells per ml and incubated at 37°C until early exponential growth phase was reached. For induction, 0.5% carbohydrate was added, and cells were further incubated at 37°C. For transport activity tests, cells were harvested 3 h after induction. The cells were washed twice in an equal amount of ice-cold MM to remove carbohydrate, resuspended in MM to 1 ϫ 10 8 to 3 ϫ 10 8 cells per ml, and kept on ice for no longer than 2 h before use; then 180 l of cell suspension was equilibrated at 28°C for 5 min. The reaction was started by adding 20 l of 14 C-labeled substrate. [ 14 C]galactose was added to 7.5 M, and [ 14 C]lactose was added to 15 M (final concentrations). After incubation for 30, 60, and 90 s, aliquots were removed and deposited on membrane filters (0.6-m pore size), and cells were washed with cold MM. Transport activity was determined by measuring the amount of radioactivity retained on each filter.
Preparation of membranes and soluble cell fractions. For preparation of extracts, cells from an overnight culture in LCM were diluted in 400 ml of LCM supplemented with 20 mM (final concentration) DL-threonine to 10 8 cells per ml and incubated at 37°C. After the cells had reached early exponential growth, 0.5% carbohydrate was added and cells were incubated for a further 3 h at 37°C. Cells were then harvested, washed twice in 1% NaCl, and frozen at Ϫ20°C. After thawing, the cells were resuspended in 0.1 M Tris-HCl (pH 7.6) to a density of 2 ϫ 10 11 cells per ml, and the suspension was sonicated (Branson Sonifier B12, microtip, setting 7, 75 W) for a total sonication time of 8 to 10 min at intervals of 30 s. During sonication, extracts were cooled in an ice water-ethanol bath. Efficiency was controlled by observation of extracts under a microscope. After most cells were broken, extracts were separated from whole cells and cell debris by centrifugation at 15,000 ϫ g for 20 min. Extracts were separated into membranes and soluble cell fraction (supernatants) by ultracentrifugation at 200,000 ϫ g for 2 h. Supernatants (membrane-free cell extracts) were frozen in aliquots at Ϫ20°C, and membranes (the pellet after ultracentrifugation) were washed in 0.1 M Tris-HCl (pH 7.6) and again centrifuged for 2 h at 200,000 ϫ g. The pellet was resuspended in 0.5 ml of 0.1 M Tris-HCl (pH 7.6) and kept at Ϫ80°C.
Thin-layer chromatography. Cells of L. casei were grown in 10 ml of LCM-0.5% ribose to 5 ϫ 10 8 cells per ml at 37°C. D-Galactose was added to 0.5%, and the cells were incubated for a further 2 h. The cells were then harvested by centrifugation, washed twice, and resuspended in 0.5 ml of MM. Afterwards, the cells were equilibrated at 25°C for 5 min, and 50 l of 10 mM [
14 C]galactose (0.1 Ci/l) was added. After a short incubation for approximately 30 s, the cells were harvested and the supernatant was drawn off with a pipette. The cells were immediately resuspended in 50 l of hot water, and the cups were incubated in boiling water for 2 min. Cell debris was pelleted by centrifugation, and 10 l of the supernatant was used for thin-layer chromatography.
The supernatants and reference substances were separated by chromatography on Silica Gel 60 plates (Merck, Darmstadt, Germany). For separation, a mixture of 1 M ammonium acetate (pH 5)-98% ethanol-0.1 M EDTA (pH 8) (70:30:1, vol/vol/vol) was used. After the solvent front reached the top, the plates were dried. For analysis, autoradiograms were taken by exposure for 3 to 4 days. Reference substances were detected by spray coating with 0.5% potassium permanganate in 1 N NaOH.
RESULTS
Isolation of pleiotropic mutants. The glucose analogue 2DGlc has been used to isolate Pts Ϫ mutants from different bacteria, including Lactobacillus sake and Streptococcus salivarius (11, 19) . Such mutants display a pleiotropic phenotype because uptake of all PTS substrates is abolished. We used 2DGlc to isolate pleiotropic mutants from L. casei 64H. The selection was done twice, and from each selection procedure 48 resistant colonies were tested. From each experiment, one pleiotropic mutant (KB6417 and KB6419) was obtained. For phenotypic characterization of KB6417 and KB6419, growth tests were performed in CTM supplemented with different carbohydrates. The mutants grew with D-galactose, D-glucose, D-maltose, D-xylose, and D-ribose, while growth on lactose, cellobiose, D-mannose, N-acetylglucosamine, D-fructose, mannitol, ribitol, and glucitol was abolished. This pleiotropic phenotype indicated that both might be Pts Ϫ mutants. We tried to isolate from KB6417 and KB6419 mutants that regained growth on one, some, or all of these carbohydrates. To isolate such mutants, the bacteria were spread on different plates supplemented with 0.5% each carbohydrate. From KB6417 we isolated mutants, possibly revertants, that displayed the same phenotype as L. casei 64H, but no mutants displaying a different phenotype were obtained. It was not possible to isolate any mutant from KB6419, indicating that in contrast to KB6417, KB6419 does not revert to Pts ϩ . Although displaying similar phenotypes, the mutants differ from each other at the molecular level.
Analysis of the mutation present in KB6419. To prove that KB6417 and KB6419 are indeed Pts Ϫ mutants, we performed phosphorylation studies with lactose, the only carbohydrate thus far characterized as an exclusive PTS substrate in L. casei 64H. Since the lac operon is regulated by antitermination (1), the lac genes should be expressed constitutively in a Pts Ϫ background; this eliminates problems with induction that might arise in Pts Ϫ mutants. The results of the phosphorylation studies are given in Table 1 . Combinations of membranes and membrane-free supernatants of the wild-type strain 64H and mutant strain KB6419 showed that a cytoplasmic component of KB6419 is affected by the mutation. Since the activity of the supernatants of KB6419 was restored by the addition of purified HPr from Streptococcus faecalis, KB6419 was characterized as HPr Ϫ . We have no data on the exact nature of the mutation; however, in all bacteria so far characterized, ptsH and ptsI constitute operons or are part of operons where the gene order is ptsH ptsI. Because enzyme I (EI) is still expressed, it is not likely that the mutation of KB6419 is located in a regulatory gene which affects the expression of the operon. For this reason, until further characterization of the mutation, KB6419 is regarded as being ptsH.
Because KB6417 has been cured from pLZ64 (data not shown), which carries the lac operon, it was not possible to characterize it in the lactose phosphorylation test. Based on the similarity of the phenotypes of KB6417 and KB6419, we consider KB6417 to be Pts Ϫ too. However, the different reversion rates indicate that KB6417 carries a mutation that is distinct from that in KB6419.
Analysis of the high-affinity galactose uptake system in Pts ؊ and Pts ؉ backgrounds. As the high-affinity uptake of galactose most likely reflects the activity of the galactose-PTS, induction of the galactose-PTS can be analyzed by measuring induction of galactose transport. As expected for a system specific for galactose, it was induced by galactose. Interestingly, it was also induced by lactose in the medium (Fig. 1) . The kinetics of induction, however, displayed remarkable differences between the two carbohydrates. Induction by galactose was biphasic, with peaks after 2 and 5 h, while induction by lactose displayed only one peak, after 4 h. The induction kinetics confirm that the system is a galactose-specific uptake system.
To analyze the effect of the ptsH mutation of KB6419 and of the proposed Pts Ϫ mutation of KB6417 on uptake of galactose, we measured the high-affinity uptake of [ 14 C]galactose in these strains ( Table 2 ). The data show that the high-affinity uptake of galactose could no longer be detected in these strains, further confirming that the system is PTS dependent and represents the galactose-PTS. Both strains have also lost the ability to take up lactose. KB6417 lost the lac operon with the curing of pLZ64 and is therefore Lac Ϫ ; however, KB6419 also shows a b Carbohydrate on which the cells were grown prior to preparation of membranes or high-speed supernatants: Lac (growth on LCM-0.5% lactose) or Rbs (growth on LCM-0.5% ribose). Lac Ϫ phenotype, as expected for a Pts Ϫ mutant. The loss of the high-affinity uptake system for galactose is also reflected by slower growth of KB6417 and KB6419 than of 64H on galactose (Table 2) .
To further ensure that the PTS-dependent system measured in L. casei 64H is specific for galactose, its substrate specificity was determined by competition experiments (Table 3 ). Of the carbohydrates tested, D-mannose, D-glucose, and 2DGlc inhibited uptake of galactose, indicating that these carbohydrates could be substrates of the galactose-PTS. An extremely weak competition was also detectable with D-xylose. Nevertheless, the relatively high concentrations needed to inhibit galactose uptake indicate that the system is a galactose-specific uptake system.
Measurement of membrane-dependent phosphorylation of galactose in L. casei 64H. PTS-dependent phosphorylation of carbohydrates uses phosphoenolpyruvate as the phosphate donor and needs membranes as well as the soluble cell fraction. We measured this type of galactose phosphorylation in L. casei 64H and the mutant strains. As the system is inducible, we combined membranes and soluble cell fractions from induced and uninduced cells. The high-affinity uptake of galactose can be induced either by galactose or by lactose; however, in supernatants prepared from cells induced by galactose, a relatively high activity for phosphorylation of galactose was detectable. This is most probably due to the activity of galactokinase. Therefore, we used cells induced with lactose, where this background activity is less pronounced. Membrane-dependent phosphorylation of galactose could be detected in L. casei 64H if membranes as well as the soluble cell fraction from induced cells were used. Specific phosphorylation activities of 1.3 nmol of galactose per mg of membrane protein per min were measured. As no galactose phosphorylation could be detected if membranes or soluble proteins from uninduced cells were used, the galactose-PTS should possess at least one soluble substrate-specific domain. Neither membranes nor soluble cell fractions of mutants KB6417 and KB6419 showed any galactose phosphorylation activity. This is in contrast to lactose phosphorylation, where membranes prepared from KB6419 were still active (Table 1) . This difference might be due to differences in induction. Possibly in a Pts Ϫ background the galactose-PTS cannot be induced because the required inducer cannot be synthesized, while the lactose-PTS is constitutive in a Pts Ϫ background, as noted above.
Characterization of mutants with altered galactose metabolism. L. casei 64H appears to have two distinct pathways for the degradation of galactose (7), an observation confirmed by the Gal ϩ phenotype of the ptsH mutants. It should be possible to isolate mutants that are defective in the second pathway and hence totally dependent on the galactose-PTS for growth.
2-Deoxygalactose selection was used to isolate resistant mutants. One of these mutants grew more slowly than the wild type on galactose but was not affected in growth on other carbohydrates. No galactokinase activity could be detected in extracts prepared from this mutant, which was named PG4 and used for further characterization (Table 4 ). In addition, in PG4 the high-affinity uptake system for galactose was no longer detectable whereas lactose uptake remained unaffected, indicating that HPr and EI are still active. Thin-layer chromatography of extracts of PG4 prepared from cells incubated with [ 14 C]galactose showed a pattern of metabolites different from that for L. casei 64H. In PG4, intermediates resulting from metabolism of galactose via the Leloir pathway (for example, UDP-glucose and UDP-galactose) cannot be detected (Fig. 2) . This finding correlates with the lack of galactokinase activity. The metabolites seen in PG4 as well as in 64H most probably represent intermediates of the tagatose 6-phosphate pathway. PG4 apparently carries a mutation that reduces uptake activity of the galactose-PTS as shown by the uptake assays, but the mutation does not completely block phosphorylation of galactose to galactose 6-phosphate.
Using EMS mutagenesis and selection with streptozotocin, we tried to isolate Gal Ϫ mutants from PG4. Cells from the selection procedure were plated on LCM supplemented with 0.5% galactose. After 3 days of incubation at 37°C, colonies of different sizes were visible. As Gal Ϫ mutants are expected to produce small colonies, these mutants were used for further testing. About 20% of the colonies tested were Gal Ϫ . Since all independent mutants isolated by this procedure displayed the same phenotype, only one of them, named STZB1, is described further. Growth analysis of STZB1 showed that this mutant cannot grow with galactose (Table 4 ) or lactose (data not shown) as the sole carbohydrate. Moreover, growth of the mutant on mannitol slowed after addition of galactose or lactose, which is characteristic for a sensitive phenotype. This phenotype could be due to a mutation in one of the genes coding for the enzymes of the tagatose 6-phosphate pathway. The accumulation of galactose 6-phosphate in STZB1 supports this hypothesis (Fig. 2) . Analysis of STZB1 therefore confirms the idea that the same enzymes are used for the metabolism of both galactose and lactose in L. casei 64H.
We were able to also isolate pleiotropic mutants from PG4 by again using 2DGlc selection. These mutants, PG41 and PG45, derived from separate selection procedures, showed the same phenotype as KB6417 and KB6419 except that they were also Gal Ϫ . Thin-layer chromatography showed that no metabolites of galactose can be detected in extracts of these mutants (Fig. 2) . By using the test system described for the characterization of KB6419, PG45 was also characterized as a ptsH mutant (data not shown). As expected, uptake of galactose as well as of lactose could no longer be measured in these mutants (Table 4) .
DISCUSSION
We were able to confirm the existence of a specific galactose-PTS in L. casei 64H by isolation and characterization of ptsH mutants and of mutants with altered galactose metabolism. Analyses of these mutants also confirmed the existence of two distinct pathways for galactose in L. casei 64H. ptsH mutants from L. casei 64H showed reduced growth on galactose, and high-affinity uptake of galactose could not be measured. Remaining growth of the Pts Ϫ mutants on galactose indicates the existence of a non-PTS uptake system for galactose coupled to the Leloir pathway. The unidentified uptake system should have a K m clearly higher than that for the PTS, as it could not be detected in uptake studies with 7.5 M galactose. The existence of the Leloir pathway in L. casei 64H has been demonstrated (3) and confirmed by thin-layer chromatography (Fig. 2) .
The PTS-dependent uptake and metabolism of galactose are most clearly shown in PG4 and its ptsH derivatives, PG41 and PG45. PG4 grows well with galactose as the sole carbon source. Growth is possible only by metabolism via the tagatose 6-phosphate pathway, as the Leloir pathway is blocked by a galK mutation. Introduction of a ptsH mutation in PG4, as in strains PG41 and PG45, resulted in a Gal Ϫ phenotype. These mutants were, in addition, unable to take up and phosphorylate galactose via the PTS. No galactose 6-phosphate could be detected in the ptsH mutants. Galactose 6-phosphate is therefore the specific product of the PTS-dependent phosphorylation of galactose.
The PTS-dependent phosphorylation of galactose could be measured only if membranes as well as the soluble cell fraction were prepared from cells induced with galactose or lactose, confirming the data for induction studies using transport assays. Inducibility by galactose indicates again that a system specific for galactose was measured. The need for soluble extracts from induced cells shows that the galactose-PTS possesses at least one galactose-specific soluble protein, possibly a EIIA Gal , as postulated by Chassy and Thompson (7) . Judging from the competition studies, the galactose-PTS is specific for galactose, as only mannose, glucose, and 2-deoxygalactose displayed significant effects on galactose uptake. These carbohydrates are also substrates of other galactose systems, such as the galactose permease and the methylgalactoside systems of E. coli (13, 14, 26) . Chassy and Thompson (7) obtained different results for similar experiments, possibly because they used higher concentrations not only of galactose but also of the competing substances, which in turn may have caused an elevated level of contaminating galactose, which would certainly skew the results, as was noted by the authors themselves.
The galactose-PTS is induced by galactose or lactose in the medium. Its induction differs from the induction of the galactokinase, which had been shown to be induced by galactose but not by lactose in the medium (3), reflecting the two distinct pathways for galactose metabolism in L. casei 64H. As the inducer of the galactose-PTS is synthesized during growth on lactose, galactose 6-phosphate or a metabolite of the tagatose 6-phosphate pathway must be the molecular inducer. These metabolites should be produced during lactose and galactose metabolism as well (7) . Interestingly, the induction kinetics of the galactose-PTS for galactose and lactose differ from each other, possibly due to a regulation which is caused by free intracellular galactose, or one of the products of the Leloir pathway, but not by lactose. It is also interesting that the plateau in the galactose-dependent induction of the galactose-PTS occurs at the time when galactokinase is fully induced. This might indicate a regulation mechanism that coordinates expression of the galactose-PTS/tagatose 6-phosphate pathway and the galactose permease/Leloir pathway. It will be interesting to further elucidate the regulatory mechanisms.
The ptsH mutants described in this work are the first to be isolated from L. casei. Besides the characterization of galactose metabolism, they also allow the characterization of PTS substrates in L. casei 64H and information about catabolite repression in this organism. Judging from the phenotype of KB6417 and KB6419, the carbohydrates lactose, D-mannose, mannitol, N-acetylglucosamine, D-fructose, ribitol, cellobiose, glucitol, and D-galactose are substrates of the PTS in L. casei 64H. Our results are in agreement with those reported by different authors who identified lactose and pentitols, including ribitol, as PTS substrates of L. casei (6, 25) .
The reversion studies showed that no carbohydrate-dependent repression is active in KB6417 and KB6419, as expected for ptsH mutants on the basis of the present model of catabolite repression in gram-positive bacteria (8) .
The phenotype of the Pts Ϫ mutants indicates that N-acetylglucosamine is a PTS substrate in L. casei. This suggests that the selection by streptozotocin used for the isolation of STZB1 follows the same principle as in E. coli. The results obtained with the isolation of STZB1 demonstrate the feasibility of the streptozotocin selection method with lactobacilli, which should be applicable for the isolation of a variety of other metabolic mutations as well.
In summary, we could demonstrate a specific PTS for the uptake of galactose in L. casei 64H, whose product is galactose 6-phosphate. The galactose-PTS has at least one soluble, specific domain. Galactose 6-phosphate produced by the PTS is metabolized via the tagatose 6-phosphate pathway using the same enzymes and genes used in lactose metabolism. Therefore, we could confirm the existence of a galactose-PTS as well as the existence of two distinct pathways for metabolism of galactose within one cell by genetic and biochemical analysis.
